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The relationship between polymer-surfactant aggregation in bulk fluid and adsorption atthetir interface

is investigated in aqueous solutions of sodium dodecyl sulfate (SDS) and Luvitec VA 64 (a random copolymer
of vinyl pyrrolidone and vinyl acetate). The polymer exhibits strong interaction with SDS and significant
surface activity. The free energy of micellization of SDS in a solution containing 0.1% w/v polymer is reduced

by approximately 2.3 RT. The addition of Luvitec VA 64 to a solution of SDS above the critical micelle
concentration@MC) results in an increase in surface tension from 40 dyn/cm to 47 dyn/cm. Neutron reflectivity
measurements show that the change in surface tension is accompanied by a substantial (greater than 40%)
reduction in the volume fraction of SDS at the-aivater interface and concomitant adsorption of polymer.

The transformation is driven by the decrease in concentration of SDS fro@MI@&zo the critical aggregation
concentration CAC), consistent with the reduction in free energy of micellization.

Introduction However, as shown by us in an earlier pap#re effects of
polymer -surfactant interaction in the bulk aqueous fluid on

A mixture of polymer and surfactant is often used in the . = ; . -
preparation of colloidal dispersiohand emulsions.Typically, ad_sorptlpn of the amph|phlles at theawater interface is most
evident if polymer is added to a solution of the surfactant that

the surfactant is needed for reducing interfacial energy for |

nucleation or shear-induced droplet rupture, whereas the polymer'S 2P0V the critical micelle concentratiddNIC). In the system
is required for imparting stability against Brownian coagulation, comprising poly (vinylpyrrolidone) (PVP) and sodium dodecyl

coalescence, Ostwald ripening, or crystal groWBuccessful sqlfate (SDS) we showed, using f[he radiotracer method, that
synthesis and stabilization of colloids is dependent on the this led to substantial decrease in the amount of surfactant

coexistence of polymer and surfactant at the interface. Although adsprlbgd atthe a’rrvaate; interface. V\t/)e also sugge_s'ge(; tha(: the
industrial colloidal systems are relatively complex and difficult partial desorption of surfactant may be accompanied by adsorp-

to analyze, fundamental understanding of the behavior of tion of pqumer at the interfacén other vyords, it might actpally
polymers and surfactants at interfaces may be obtained l‘romb.e possible for the less S“”“Tﬂce'w' polymer 1o partially
investigations at the airwater interface. Initially, such studies  disPlace the more surface-aosi surfactant as a consequence
were based on surface-tension measurements, as exemplifie f the_ changes in chemical potennal_as_souated W't.h the
by the work of Jonésand Langé.But more recently, beginning ormation of polymer.-surfactant assem.bl.les in bulk waféns .
with the work of Chari and Hossafsurface-tension measure- feature is extremely important for providing greater latitude in

ments have been complemented by techniques that can SeleCgolloidal formulation. Here we re-visit the phenomenon using

tively examine any one of the surface-active species in a mixture Luvite_c VA 64 (a random copqumer of vinylpyrrolidone [VP]
at the interface. A large portion of the work has been enabled 8nd Vinyl acetate [VA] containing 60 mol % VP and 40 mol %

by neutron reflectivity in conjunction with isotopic substitutfo. VA) a_nd _SDS' We concluswe_ly_ show for the first time using &
It has been demonstrated that upon addition of surfactant to acomblnatlon of neutron reflectivity and surface tension measure-

solution of the polymer, the more surface-active surfactant will ments that upon anmon of Luvitec to mlgellar SDS.’ there is
displace the less surface-active polymer from the-wiater bpth parua] desorption of SDS and adsorption of Luvitec at the
interface at high enough surfactant concentratfidisithermore, ~ if~Water interface.
it has been shown that polymer -surfactant interactions in the
bulk fluid may influence the chemical potentials of the adsorbing
specie$.® More specifically, Jean et 8lindicate that although Materials. A sample of Luvitec VA 64 was obtained from
displacement of the polymer will occur in all systems at high BASF Corporation. The weight average molecular weigyhtX
surfactant concentrations, the concentration range over whichof the polymer was close to 55 000 with polydispersiti(
displacement occurs will be modulated by polymer-surfactant My) of 3.5. The polymer was readily soluble in water at the
interactions. concentrations used in this study. Sodium dodecyl sulfate was
— ~_obtained from Eastman Kodak Company and was purified by
koé;ﬁ’,C”Yf,‘ﬁ;mfe?f"fégg?(%ezlcfeﬁré?up"iﬁe ?sdsgjsr?sssg{;j%elzl?a": krishnan.chari@ e crystallizing twice from ethanol. The deuterium-labeled SDS
t Eastman Kodak Company. (d-SDS) and deuterium oxide ¢D) used in neutron reflectivity
*NIST Center for Neutron Research. measurements were obtained from C/D/N Isotopes Inc. and
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Figure 1. v vs logc plot for SDS. Filled circles show the behavior of the surfactant alone, and the empty circles show the behavior in the presence

of 0.1% wi/v Luvitec VA 64. The latter may be analyzed in terms of three different regions. The inset $hdNddR chemical shift (in ppm) of

the methylene hydrogens attached to the carbon atom closest to the sulfate headgroup of the SDS molecule as a function of the reciprocal of the
surfactant concentration (M) in the presence of 0.1% wi/v Luvitec VA 82! Data obtained in the concentration range 0.3mM to 4mM confirm

a CAC close to 0.8mM. Details of the NMR experiment along with other experimental results on the interaction of Luvitec VA 64 with surfactants
will be presented in a forthcoming papér.

Cambridge Isotope Laboratories, Inc., respectively. All solutions in bulk water. The surfactant monomer concentration and surface
were prepared using deionized distilled water. tension change only slightly until all available polymer in the
Methods. (1) Surface Tensiofhe surface tension at the air bulk fluid is fully saturated with the surfactanX{ in Figure
water interface was determined by the Wilhelmy plate technique. 1). Beyond this point, the concentration of SDS monomer
A carefully cut strip of filter paper (analytical paper no. 410 increases to the critical micelle concentrati@MC) and free
from Schleicher and Schuell, Inc.) that was soaked overnight micelles are formed (region Ill). While the overall pattern of
in deionized distilled water was used as the sensor or “plate” the curve is similar to that observed for PVP, the onset of
and the force was measured by a Cahn C-32 micro-balance.polymer-surfactant aggregation or the critical aggregation
The values were recorded after equilibrium had been attained.concentration@AC) is at significantly lower SDS concentration.
All measurements were made at ambient temperaturg, @5 Based on the data of Landehe CAC of SDS with 0.1% PVP
°C. is 3 mM; theCAC decreases to 2 mM for PVP concentrations
(2) Neutron Reflectity. Neutron reflectivity measurements  of 0.3% and higher, but even this is considerably greater than
were performed at the NG7 horizontal reflectometer of the what we observe with Luvitec VA 64 at 0.1%. As a first
National Institute of Standards and Technology (NIST) in approximation, one may apply the phase separation model for
Gaithersburg, MD. The sample was placed in a Langmuir trough micelle formatiod® to express the foregoing in terms of a
made of Teflon. The neutron beam was reflected off the surface reduction in the free energy of micellization
of the liquid in the trough and the reflected intensity was
measured using a position-sensitive detector. The reflectivity —AG = RTIn {CMC/CAG 1
was determined as a function of the scattering ve@ior (4r/
A)sin 6, wheref is the incident angle antlis the wavelength.
Once again all measurements were made at ambient temperatur
21+ 0.5°C.

whereR is the gas constant aridis the absolute temperature.
In eq 1 it is assumed that the surfactant may be regarded as a
‘?ully dissociated electrolyte and also that the size of the
aggregates is relatively large. The magnitude -oAG for
micellization of SDS in the presence of 0.1% Luvitec VA 64 is
2.3 RT based on &MC of 8 mM, whereas with PVP at the
Figure 1 shows a variation in the surface tensions of solutions same concentration, it is close toRI. It is also possible to
of SDS in water containing 0.1% w/v Luvitec VA 64. The determine from Figw 1 a binding ratio or the amount of
results are qualitatively similar to what has been observed with surfactant bound to unit weight of polymer when the coils are
poly(ethylene oxide) (PEO) and poly(vinyl pyrrolidone) (PVP). fully clothed with surfactant micelles. The latter is given by
At very low levels of SDS (region 1), the surfactant does not (X, — CAQ)/C, whereC, is the concentration of polymer. For
cause appreciable lowering of surface tension; the main effect Luvitec VA 64, it works out to 3.2 mM SDS/g of polymer,
here is due to adsorption of polymer at the-airater interface. whereas for PVP it is 1.5 mM/g. The analysis shows that
The polymer displays significant surface activity. One observes introduction of the VA moiety in Luvitec VA 64 results in a
a reduction of almost 20 dyn/cm compared to 10 dyn/cm for macromolecule with much higher surface activity and greater
PVP of similar concentration and,,.*° There is indication of propensity to interact with SDS compared to the homopolymer
a second plateau (region Il) corresponding to a surface tensionPVP.
of about 47 dyn/cm beginning at an SDS concentration of about  Figure 2 shows surface tension of solutions of Luvitec VA
0.8 mM, suggesting formation of polymer-surfactant assemblies 64 in the absence of SDS over the range of concentrations to

Results and Discussion
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80 whereTI’ is the adsorption corresponding to a given chemical
75 potential of surfactant in the bulk fluid in the absence of
70 polymer-surfactant interactions at the interface amla higher-

65 order term representing polymer-surfactant interactions. In other
60 words, the modification of surfactant adsorption by polymer-
55 surfactant interactions is treated as a perturbation of the
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adsorption of surfactant in the absence of such interactions. If

Surface Tension y (dynes/cm)

45 we assume (tentatively) that polymer-surfactant interactions at
40 the interface are weak at bulk concentrations of the order of
2(5) the CAC, we havel’ ~ T'y. Therefore, the change in the

adsorption of SDS at the aiwater interface corresponding to
0.00 002 004 006 008 010 012 the addition of Luvitec VA 64 to a micellar solution of SDS in
Concentration of Luvitec VA 64 (g/cm®) Figure 3 may be approximated by application of the Gibbs
adsorption equatidfi
Figure 2. Change in surface tension at the-aivater interface as a
Ilur]é:tion of the concentration of Luvitec VA 64 in the bulk agueous I' = (—1/2RT) (dy/dIn c) (3)
uid.

to they versus logf) plot for SDS in the absence of polymier

—~ 49 . . -

g Figure 1 for a decrease in the concentration of EBIkSfrom

? 47 the CMC to the CAC. The analysis suggests a decrease in the
% surface excesE of SDS from about 2.8< 1071° mol/cn? for
245 the saturated monolayérto about 1.5x 1071% mol/cn¥ at the

S 43 | CAC. We might also expect the surface tension to increase from
D about 40 dyn/cm to about 65 dyn/ cm. However, the surface
2 41 4 tension at the upper plateau in Figure 3 is only about 47 dyn/
8 cm. This strongly indicates both desorption of surfaciamd

@ 39 1 . .

t adsorption of polymer at the interface. In other words, the less
®» 37 surface-active polymer may, in fact, displace the more surface-

0.000 0.001 0.010 0.100 active SDS at the interface because of a reduction in the SDS
monomer concentration from theMC to the CAC. These
findings are now investigated in more detail by neutron
Figure 3. Variation in surface tension at the aivater interface upon  reflectivity.
addition of Luvitec VA 64 to a micellar (10mM) solution of SDS. As stated in the Introduction, neutron reflectivity allows one
to examine selectively either the polymer or the surfactant at
be used in this work. The behavior appears consistent with thethe air—water interface. We compare the behavior of 10 mM
theory of Bouchand and Daodfl.There is a sharp drop in  d-SDS with 10 mM d-SDS in the presence of 2% wi/v Luvitec
surface tension at very low concentrations of polymer followed VA 64 under three different conditions, based on the scattering
by a “plateau regime” where the surface is saturated with |ength density $LD) of the medium. The surfactant and polymer
polymer and the surface tension remains relatively constant atconcentrations correspond to the lower and upper plateau of
about 50 dyn/cm. This should be contrasted with the surface the curve in Figure 3. In the first instance (Figure 4(a)), we use
tension of solutions of SDS above tBMC (see Figure 1). The a mixture of 28% RO and 72% HO (SLD = 1.42 x 1076
latter is close to 40 dyn/cm. Therefore, if one starts with a A*Z) to match the scattering length density of the medium to
solution of SDS above th€MC and adds polymer to it, one  that of Luvitec VA 64. In the second case (Figure 4(b)), the
should not normally expect the comparatively less surface-active scattering length density of the medium is matched to that of
polymer to displace SDS from a fully packed monolayer at the the surfactant; th&LD of pure DO (6.36 x 106 A~2) is very

Concentration of Luvitec VA 64 (g/cm®)

air—water interface. o _ close to that of d-SDS. In the last instance, pus®HSLD of
Figure 3 shows results of adding increasing amounts of —0.56 x 105 A-2) is used as the bulk liquid (Figure 4(c)). In
Luvitec VA 64 to a solution of SDS that is above tC. each case, reflectivity is plotted as a function of momentum

Here, one observes an increase in surface tension. When polymefransfer normal to the surfad®; (A~1). The solid lines represent
is added to a micellar solution of SDS (micelles in equilibrium the best fit to the experimental data and the corresponding
with monomer), the polymer interacts with the surfactant in bulk  scattering length density profiles are shown in the inset. It is
water to form self-assembled polymer-surfactant aggregates.evident from Figures 4(a) and 4(c) that the reflectivity is
Since the free energy of formation of polymer-bound micelles significantly reduced upon addition of polymer. Analysis of the
is lower, if sufficient polymer is added, all free micelles are data in Figure 4(a) shows that t§.D of the adsorption layer
converted to polymer-bound micelles, and the concentration (or decreases from (6% 0.3) x 10°8 A=2for the surfactant alone
activity) of SDS monomer (now in equilibrium with polymer-  to (4.24 0.3) x 10-6 A~2 on addition of polymer. Furthermore,
surfactant aggregates) is reduced from @MC to the CAC the thickness of the adsorption layer is reduced from #2.8
(i.e., from 8 mM to 0.8 mM in this casé)!® It is important to 0.5to 11.0+ 0.5 A. In other words, there is both a substantial
note that the value of surface tension in the upper plateau of reduction in the amount of d-SDS at the-aivater interface as
Figure 3 is almost identical to that in region Il of Figure 1 below \ell as a change in its conformation; the hydrophobic tails of
Xz, indicating similar composition at the interface in the two the adsorbed surfactant molecules are more slanted and the
cases. As a first approximation, we may express the adsorbeddistance between adsorbed molecules is increased in the
amount of SDS in the presence of polymet°as presence of the polymer. The experimentally determi®eD
of the d-SDS monolayer at 10 mM is close to that of pure
F=Tyto+.. 2 d-SDS, suggesting that the adsorption layer in this case is almost
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Figure 4. Neutron reflectivity at the airwater interface versu®,

for solutions of d-SDS alone, d-SDS in the presence of polymer, and
polymer alone in different media: (a) a mixture of 28%and 72%
H,0 with SLDof 1.42 x 10¢ A2, (b) pure RO with SLD of 6.36 x

1076 A-2, and (c) pure KO with SLD of —0.56 x 108 A~2 In each
case symboD refers to a solution of 10mM d-SDE] refers to a
solution of 10mM d-SDS with 2% w/v Luvitec VA 64, and refers to

a solution of 2% w/v Luvitec VA 64. The solid lines represent the best
fit to the experimental data, and the correspondsid profiles are
shown in the inset.

0.00 0.05

entirely composed of d-SDS. The volume fraction of d-SDS in
the adsorption layer on addition of polymer may be calculated
from the relationship

3 SLD ¢, = SLD,, (4)
whereSLD is the scattering length density of thiecomponent
in the adsorption layeg; is its volume fraction, an&LDyx is

the experimentally determined scattering length density for the

J. Phys. Chem. B, Vol. 108, No. 31, 20041445
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Figure 5. Model of the adsorbed layer in the coexistence regime.

Surfactant Monomer

106 A-2, TheSLDof the medium here is the same as the SLD
of Luvitec VA 64. The latter is obtained from an analysis of
the reflectivity of the polymer alone in water in Figure 4(c).
Based on eq 4, the volume fraction of d-SDS is reduced to 0.45
upon addition of Luvitec VA 64, a result that is consistent with
the analysis based on surface tension.

The results of Figure 4(b) refer to a medium of purgdD
the SLD of which is nearly the same as that of d-SDS. The
reflectivity is reduced slightly when polymer is added to a mono-
layer of surfactant. It is interesting to note that the reflectivity
profile upon addition of 2% polymer to 10 mM d-SDS in@
is almost the same as that obtained with polymer alone®.D
It is clear that the addition of Luvitec VA 64 to a micellar
solution of d-SDS results in adsorption of the polymer at the
air—water interface. Furthermore, the extent of adsorption is
similar to that observed in the absence of surfactant. The results
confirm our earlier hypothesis that it is possible to achieve
coexistence of polymer and surfactant in “soluble” monolayers
at the air-water interface, either by the addition of surfactant
to an adsorbed polymer monolayer or by the addition of polymer
to an adsorbed surfactant monolayer. The latter is enabled by
the formation of polymer-surfactant assemblies in the bulk
aqueous fluid with which the interface is in thermodynamic
equilibrium. Finally, it is clear from Figure 4(c) that the polymer
causes onlyartial displacemenof the adsorbed surfactant in
the transformation from region Il to region Il. Since the
conformation of adsorbed polymer may be expected to be in
the form of trains and loop¥, a significant fraction of the
surfactant monolayer can still be accommodated at the siface.
If the polymer coil is sufficiently large, it is also possible for
spherical micelles to be attached to the loops. A model of the
adsorbed layer in the coexistence regime is shown in Figure 5.

Conclusions

In summary, we have studied the influence of polymer-
surfactant assembly in the bulk aqueous fluid on adsorption of
the species at the atwater interface. We show that if polymer
is added to a solution of surfactant that is above@hC and
in equilibrium with a fully packed monolayer at the interface,
the formation of self-assembled aggregates in the bulk fluid may
cause substantial reduction in the chemical potential of the
surfactant enabling partial displacement of the adsorbed sur-
factant by the polymer. We expect the results of this study to
be generally applicable in the analysis of more complex systems
such as those involving eilwater or particle-water interfaces.
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